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Tomato yellow leaf curl disease (TYLCD)-associated viruses present a highly structured population in the western Mediterranean basin,
depending on host, geographical region and time. About 1,900 tomato and common bean samples were analyzed from which 111 isolates were
characterized genetically based on a genome sequence that comprises coding and non-coding regions. Isolates of three distinct begomoviruses
previously described were found (Tomato yellow leaf curl virus, TYLCV, Tomato yellow leaf curl Sardinia virus, TYLCSV, and Tomato yellow
leaf curl Málaga virus, TYLCMalV), together with a novel recombinant virus. Mixed infections were detected in single plants, rationalizing the
occurrence of recombinants. Except for TYLCV-type strain, single, undifferentiated subpopulations were present for each virus type, probably the
result of founder effects. Limited genetic variation was observed in genomic regions, with selection against amino acid change in coding regions.
© 2006 Elsevier Inc. All rights reserved.Keywords: Begomovirus; Common bean; Founder effect; Genetic diversity; Mixed infections; Population structure; Recombination; Tomato; Tomato yellow leaf
curl diseaseIntroduction
Analysis of the genetic diversity and structure of plant virus
populations is crucial for a better understanding of virus
evolution and interaction with host plants. The forces that
determine genetic variation and shape the genetic structures of
natural plant virus populations (mutation, recombination, re-
assortment, selection, genetic drift, population bottlenecks
caused by vectors, host plants and agricultural practices) have
been reviewed (García-Arenal et al., 2001, García-Arenal et al.,
2003; Gibbs et al., 1999; Roossinck, 1997). Detailed genetic
analyses are available for plant RNAviruses, whose potential for
genetic variation has been explained, in part, by the error-prone
replication (Elena and Sanjuan, 2005; García-Arenal et al., 2001;
Moya et al., 2004). However, reports on the genetic diversity and
structure of natural populations of DNA plant viruses are scarcer
and less detailed (Ooi and Yahara, 1999; Sánchez-Campos et al.,⁎ Corresponding author. Fax: +34 952552677.
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doi:10.1016/j.virol.2006.09.0302002; Sanz et al., 1999; Stenger andMcMahon, 1997). Based on
available studies, either for RNA or DNA plant viruses the rule
for natural populations seems to be high genetic conservation
(reviewed in García-Arenal et al., 2001).
Viruses associated with the tomato yellow leaf curl disease
(TYLCD) are single-stranded DNA viruses of the genus Bego-
movirus (family Geminiviridae) that severely constrain crop
production and continue to emerge world-wide (Seal et al., 2006;
Stanley et al., 2005; Varma and Malathi, 2003). Different virus
species and strains of the same virus species have been
recognized associated with TYLCD (Fauquet et al., 2003;
Stanley et al., 2005). These begomoviruses pose a severe threat
to tomato (Solanum lycopersicum L.) and common bean
(Phaseolus vulgaris L.) production in many warm and temperate
regions of the world (reviewed in Moriones and Navas-Castillo,
2000). Transmission in nature is through the whitefly Bemisia
tabaci Gen. (Hemiptera: Aleyrodidae). Most begomoviruses
have bipartite genomes comprising two DNA components (A
and B). DNA A encodes a replication-associated protein (Rep),
the coat protein (CP), and proteins such as a replication enhancer
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which participate in the control of replication and gene
expression. DNA B encodes virus-movement proteins. Open
reading frames are organized bi-directionally in both genome
components, separated by a non-coding intergenic region which
contains key elements for replication and transcription (Gutier-
rez, 1999; Hanley-Bowdoin et al., 2000; Stanley, 1995). Several
begomoviruses have a monopartite genome which resembles
DNA A, among them most of the TYLCD-associated viruses
(Stanley et al., 2005).
TYLCD epidemics occur in the Mediterranean basin since
the late 1980's (Kheyr-Pour et al., 1991; Navot et al., 1991;
Noris et al., 1994). In Italy, the type and Sic strains of Tomato
yellow leaf curl Sardinia virus (TYLCSV) have been present in
Sicily and Sardinia since 1989 (Crespi et al., 1995; Kheyr-Pour
et al., 1991), and the type strain of Tomato yellow leaf curl virus
(TYLCV) was more recently reported in Sicily (Accotto et al.,
2003). In Spain, the ES strain of TYLCSV (Noris et al., 1994)
and the Mld and type strains of TYLCV (Morilla et al., 2003;
Navas-Castillo et al., 1999) have been reported since 1992,
1997 and 2002, respectively. In addition, in this latter country
the presence and spread in the population of a natural
recombinant virus, Tomato yellow leaf curl Málaga virus
(TYLCMalV), was reported in 1999, as the result of a genetic
exchange between TYLCV-Mld and TYLCSV-ES (Monci et
al., 2002). It should be noted that recombination ability in
begomovirus populations (Padidam et al., 1999) provides a
great variation potential and thus greater opportunity to evolve
and rapidly adapt and emerge in changing environments
(García-Arenal and McDonald, 2003; Seal et al., 2006).
For an evolutionary point of view, diversity of viruses should
be studied at a population rather than at individual level (García-
Arenal et al., 2001). Little is known about the genetic diversity
and structure of populations of TYLCD-associated viruses,
except for partial studies made in Spain and Italy (Davino et al.,
2006; Sánchez-Campos et al., 2002). Populations studies in
Spain concentrated on the diversity and evolution of a specificTable 1
Analysis for infection with tomato yellow leaf curl disease (TYLCD)-associated viru
crops of tomato and common bean of the major growing areas of Italy and Spain a
Country Zone Crop Year No. of samples
collected
(no. of fields visited)
Italy Sicily Tomato 1999 40 (4)
Sicily Tomato 2001 13 (3)
Sicily Tomato 2002 165 (4)
Sardinia Tomato 2003 135 (4)
Spain Murcia Tomato 2003 499 (9)
Almería Tomato 2003 470 (9)
Málaga Tomato 2003 316 (8)
Almería Bean 2003 94 (3)
Málaga Bean 2003 172 (5)
a Samples were collected during summer/autumn by systematic sampling regardles
consisted of one terminal leaf per plant.
b Samples were tested by tissue blot hybridization on positively charged nylon me
curl Sardinia virus(TYLCSV), or Tomato yellow leaf curl virus(TYLCV) based on th
over the total number of TYLCD-infected samples detected from each zone/crop/ye
c Total number of samples positive in hybridization analyses; percentage was calcvirus type, TYLCSV-ES, for which low genetic diversity and
high genetic stability was found in the population during an 8-
year period (Sánchez-Campos et al., 2002). In Italy, less detailed
studies were done based on a 3-year survey which suggested that
TYLCSVand TYLCV species could co-exist during epidemics
(Davino et al., 2006), although the virus strains present were not
examined. Following these preliminary studies, in this report we
examine the population of viruses associated with TYLCD at a
regional scale based on surveys performed in Italy and Spain
between 1999 and 2003, to infer agro-ecological and diversi-
fication processes shaping the evolutionary pattern. It is of
interest to understand factors driving evolution and structure of
virus populations in order to design more durable control
strategies. Results showed that distinct genotypes existed and
that spatial, temporal, and host differences occur, probably
associated with founder and agro-ecological effects. Moreover,
mixed infections were found and a novel recombinant was
detected which supported the role of recombination as a source
of genetic diversity contributing to virus evolution. Interestingly
genetic variation was restricted in genomic regions.
Results
TYLCD-associated virus population structure.
Table 1 summarizes the results of the analysis of about 1,900
samples collected during the survey conducted between 1999
and 2003 in Italy and Spain for samples of tomato and common
bean plants infected with TYLCD-associated viruses. In Italy,
only TYLCSV-like infections were detected in Sardinia, and in
Sicily during 1999 and 2001. However, during 2002, a
significant proportion of the samples collected in Sicily reacted
with a probe to TYLCV. In Spain, samples that hybridized with
TYLCV and/or TYLCSV probes were detected.
The nature of the begomoviruses involved in natural
infections was determined more precisely by sequencing
isolates from a number of positive samples randomly selectedses in samples from a survey conducted between 1999 and 2003 in commercial
No. (%) of samples positive with probes to the IR of: b Total no. (%) of
TYLCD-infected
samples c
TYLCSV TYLCV TYLCSV+TYLCV
26 (100) 0 (0) 0 (0) 26 (65)
13 (100) 0 (0) 0 (0) 13 (100)
7 (5) 32 (23) 100 (71.9) 139 (84.2)
117 (100) 0 (0) 0 (0) 117 (86.6)
0 (0) 199 (99) 2 (1) 201 (40.3)
0 (0) 169 (100) 0 (0) 169 (35.9)
8 (4.8) 150 (90.4) 8 (4.8) 166 (52.5)
0 (0) 5 (10.4) 43 (89.6) 48 (51.1)
0 (0) 22 (28.6) 55 (71.4) 77 (44.8 )
s of presence of symptoms, following a W-shaped itinerary (Lin et al., 1979), and
mbranes, using digoxigenin-labeled DNA probes specific to Tomato yellow leaf
e intergenic region (IR) (Navas-Castillo et al., 1999). Percentage was calculated
ar.
ulated over the total number of samples collected from each zone/crop/year.
304 S. García-Andrés et al. / Virology 359 (2007) 302–312from the population. In Italy, 12 tomato samples were selected
per year (for 1999 and 2002 in Sicily, and for 2003 in Sardinia),
and in Spain, 15 samples were selected per region (Almería,
Málaga, and Murcia provinces) and host species (tomato and
common bean) from samples collected in 2003. Thus, 111
nucleotide sequences (referred here to as 'isolates') were
derived (GenBank DQ317696 to DQ317806) from TYLCD-
associated begomoviruses present in the analyzed samples, 99
from cloned molecules (for samples from Spain and Sicily), and
12 from direct sequencing of PCR amplified fragments (for
samples from Sardinia) (cf. Materials and methods). Nucleotide
sequences of about 780 nt (30% of the genome) were deduced
from cloned molecules, encompassing coding (5′-proximal Rep
and C4 ORFs, and 5′-proximal V2 and CP ORFs) and non
coding (entire IR) regions, and about 590 nt (20% of the
genome) from PCR fragments, encompassing the same regions
except the V2 and CP.
As shown in Fig. 1, phylogenetic analyses revealed presence
of isolates that grouped with three distinct TYLCD-associated
begomovirus species previously described, and strains of the
same virus species: the type, Sic and ES strains of TYLCSV, the
type and Mld strains of TYLCV, and TYLCMalV. The twelve
isolates from Sardinia, tightly grouped with the TYLCSV-Sic
type virus (not shown).
Genetic structure studies revealed striking differences in the
population depending on the host in Spain. Thus, 70% of the
total variance of the population (FST=0.700, P<0.001) in this
country was explained by the host origin of isolates. In tomato
(red in Fig. 1), isolates of the type strain of TYLCV were the
most frequently found, whereas in common bean (green in Fig.
1), TYLCMalV-like isolates were predominant. In addition to
this host differentiation, spatial differentiation also was observed
in the population. Thus, in tomato in Spain regional differences
were revealed when comparing the subpopulation found in
Málaga (red-italics text in Fig. 1) with that present in Murcia and
Almería (red-boxed and red-normal text, respectively, Fig. 1).
About 23% of the total variance (FST=0.229, P=0.001) was
explained by the geographical origin of isolates. In Málaga,
isolates of the type and Mld strains of TYLCV, TYLCSV-ES,
and TYLCVMalV were detected whereas isolates of the type
strain of TYLCV were almost the only found in Murcia and
Almería. Spatial differences also were detected in Italy. In this
case, the subpopulations from Sicily (isolates in blue in Fig. 1) or
Sardinia (all isolates of the TYLCSV-Sic type, not shown)
differed, and about 38% of the total variance (FST=0.378,
P=0.001) was explained by the regional origin. Spatial
differences in the population structures were also evident
when comparing subpopulations from tomato present in Italy
or Spain (isolates in blue and red, respectively, in Fig. 1), with
about 52% of the total variance (FST=0.519, P<0.001)
associated to country origin. In fact, Italian and Spanish
subpopulations only shared isolates of the type strain of
TYLCV, and even those grouped separately (Fig. 1). It should
be noted that some temporal effect could not be excluded on
spatial differences found between virus subpopulations from
different regions of Italy or between subpopulations from Italy
and Spain, because samples were not collected in the same year.In fact, differences in the population structure with time could
occur, as revealed in Sicily when comparing 1999 and 2002
subpopulations (normal and italic blue text, respectively, Fig. 1).
In this case, only TYLCSV-like isolates were detected in 1999,
whereas in 2002 about 50% of the isolates grouped with the type
strain of TYLCV.
It was surprising the high frequency at which isolates of the
type strain of TYLCVwere detected in tomato in Spain, because
this virus was recently reported in this country (Morilla et al.,
2003). However, analyses of samples systematically collected in
previous years (1997 to 2002) from commercial tomato crops
(Monci et al., 2002; Sánchez-Campos et al., 1999, 2002)
revealed that this virus has been present since 1998 (Fig. 2).
Moreover, evolution of frequencies in each region suggested that
a progressive spread of this virus type occurred first in Almería,
then in Murcia, and finally in Málaga.
Genetic homogeneity is the norm in subpopulations of
TYLCD-associated virus types
The genetic diversity within the subpopulations of bego-
moviruses well represented in the population was studied based
on the nucleotide sequences derived from cloned molecules
(Table 2). Either for the type or Sic strains of TYLCSV, for
TYLCV, or for TYLCMalV subpopulations, low genetic
diversity values were found in coding (Rep and V2) and
non-coding (IR) regions (Table 2), suggesting genetic homo-
geneity, being the IR the most diverse region, except for
TYLCMalV. Restriction to variation was suggested in coding
regions based on the dNS/dS ratios lower than the unit (except
for Rep in TYLCMalV). Moreover, variation in the V2 coding
region seemed to be more constrained, as shown by the lower
dNS/dS ratios (Table 2), except in TYLCSV-Sic.
As the IR region was the most variable, it was selected to
further analyze differentiation between subpopulations of the
different virus types, considering as a subpopulation the group
of isolates from a given year or region. Temporal comparisons
could be done for subpopulations of the type and Sic strains of
TYLCSV collected in Sicily during 1999 and 2002. In either
case no significant differences (P>0.05, t-test) were observed
in values of between or within subpopulation comparisons
(Table 3), suggesting no genetic differentiation with time.
Interestingly, significantly higher within-population diversity
values were observed for the type strain of TYLCSV than for
TYLCSV-Sic (P<0.05) which suggests a more diverse
subpopulation of the former virus.
Spatial comparisons could be done for subpopulations of
TYLCMalV present in Málaga and Almería in Spain (14
isolates per zone). In this case, between-population diversity
(0.00016±0.00011) was significantly smaller than within-
population diversity (0.00454±0.00150 in Málaga, 0.00620±
0.00196 in Almería) (P<0.005), suggesting no genetic differ-
entiation related to geographic region. Similarly, for the type
strain of TYLCV in Spain a single, undifferentiated population
seems to be present as suggested by the smaller between-
population nucleotide diversities than within-population diver-
sities (P<0.001) (Table 4). In contrast, striking genetic
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TYLCV type strain present in Spain and Italy, as suggested
by the significantly larger diversity values found between-
populations than within-populations (P<0.001) (Table 4). As
mentioned above, this genetic differentiation also was pre-
sumed by the separate grouping of TYLCV type strain isolates
from Spain and Italy observed in the phylogenetic tree shown in
Fig. 1.
Mixed infections and emergence of recombinant viruses
Interestingly, in Italy and Spain numerous samples reacted
with both TYLCSV and TYLCV probes (Table 1). This was
especially evident in Sicily in 2002 and in Spain, in common
bean, and suggested the possible existence of field samples with
multiple infections (Table 1). However, as IR-based probes
were used for detection, presence of viruses with recombinant
IR could not be excluded. This might be the case of common
bean in Spain, in which isolates of TYLCMalV, a virus with a
recombinant IR (Monci et al., 2002), predominated (see above
and Fig. 1). In contrast, in Italy phylogenetic relationships of
isolates derived from samples of the same sampling year,
indicated that different strains of the same virus species (e.g.
type and Sic strain isolates of TYLCSV in Fields 1 and 3 in
2002, Fig. 1), or of different virus species (e.g. TYLCSV and
TYLCV isolates in Field 2 in 2002. Fig. 1) could coexist in a
single field. Therefore, existence of mixed infections in single
plants was further studied. Restriction fragment length poly-
morphism (RFLP) analysis using BglII restriction endonuclease
on clones obtained from single samples allowed to discriminate
between virus species and strains (Fig. 3). Results for sample IT:
T304:99-F3 suggested that isolates of the type and Sic strains of
TYLSCV could be present co-infecting a sample (compare lane
3 with other lanes, Fig. 3A). Furthermore, mixed infections with
isolates of TYLCVand of the two strains of TYLCSValso were
suggested from results of sample IT:T570:02-F4 (compare e.g.Fig. 1. Phylogenetic relationships for a sequence of about 780 nucleotides
encompassing the non-coding intergenic region and 5′-proximal parts of Rep
and V2 open reading frames derived for tomato yellow leaf curl disease
(TYLCD)-associated begomovirus-like molecules cloned from tomato samples
collected in Sicily (Italy) during 1999 and 2002 (normal and italics blue text,
respectively) or from tomato and common bean (red and green text,
respectively) samples collected in Spain during 2003 in Almería, Málaga, or
Murcia provinces (normal, italics, and boxed text, respectively). Relationships
were inferred by neighbor-joining analysis. Data were analyzed using MEGA
3.1 software (Kumar et al., 2004). Support for nodes in a bootstrap analysis with
1000 replications is shown for values over 50%. Horizontal branch lengths are
drawn to scale with the bar indicating 0.05 nucleotide replacements per site.
Vertical distances are arbitrary. GenBank accession numbers for sequences
obtained in the present study are DQ317696 to DQ317784, and DQ317797 to
DQ317806. Isolates are identified using a code that refers to country (ES, Spain;
IT, Italy), host species origin (T, tomato; B, common bean), sample number:year,
and field (Fi, field i). Representative isolates are included (boxed and shadowed
text) of begomoviruses associated with TYLCD in the Mediterranean area: the
type, Sic and ES strains of Tomato yellow leaf curl Sardinia virus (TYLCSV),
type (isolates from Israel-IL-, Spain, and Italy) and Mld strains of Tomato yellow
leaf curl virus (TYLCV), and Tomato yellow leaf curl Málaga virus
(TYLCMalV) (GenBank accession numbers X61153, Z28390, Z25751,
X15656, AJ489258, DQ144621, AF071228, and AF271234, respectively).
Similar results were obtained with parsimony analyses.
Fig. 2. Percentage of tomato samples that reacted with a probe specific to the
type strain of Tomato yellow leaf curl virus (TYLCV) among samples infected
with tomato yellow leaf curl disease (TYLCD)-associated viruses collected in
Spain during random surveys of commercial crops conducted between 1997 and
2002 in Málaga, Almería, and Murcia. The numbers at the top of the bar indicate
the total number of samples infected with TYLCD-associated viruses available
in each case.
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results, confirmed by sequencing, indicated that mixed infec-
tions of isolates of different virus types occurred in single
plants. Then, although not found, appearance of recombinants
in the population seemed possible.
Interestingly, one isolate from Spain (ES:T50:03-F6, Fig. 1)
did not group with any of the TYLCD-associated viruses
reported so far. More detailed studies of its nucleotide sequence
indicated contradictory phylogenetic relationships depending
on the region (5′-half or 3′-half of the nucleotide sequence)
compared (not shown), suggesting its recombinant nature.
In fact, using the RDP program (Martin et al., 2005), a
significantly high probability (P=1.0361− 24) of recombination
was found, with high affinities of the 5′-half with the equivalent
region of the [ES:Alm] isolate of the type strain of TYLCV, and
of the 3′-half with the equivalent region of the [ES:1:92] isolateTable 2
Nucleotide diversities for different genome regions of isolates corresponding to the S
strain of Tomato yellow leaf curl virus (TYLCV), and Tomato yellow leaf curl Mála
Genomic region Nucleotide diversity TYLCD-associated virus ty
TYLCSV-Sic (n=9)
IR d 0.00687 (0.00260)
Rep d 0.00427 (0.00440)
dNS 0.00227 (0.00226)
dS 0.01384 (0.01721)
dNS/dS 0.16
V2 d 0.00417 (0.00419)
dNS 0.00183 (0.00182)
dS 0.00471 (0.00510)
dNS/dS 0.39
a Nucleotide sequences of about 780 nucleotides encompassing the non-coding in
derived for tomato yellow leaf curl disease (TYLCD)-associated begomovirus-like m
(summarized in Fig. 1), were used. Nucleotide diversity (d), defined as the averag
estimated according to Kimura's two-parameter method (Kimura, 1980). Nucleot
synonymous (dS) positions of Rep and V2 coding regions using the PBL method of th
V2/CP overlapping zones were not considered in the analysis. The number (n) of seq
calculated using the bootstrap method (Nei and Kumar, 2000) with 1000 replicates.of the ES strain of TYLCSV, both virus isolates reported from
Spain (Morilla et al., 2005; Noris et al., 1994). This suggested
the possible emergence of a novel recombinant virus genetic
type in the population, evolved from extant viruses by genetic
exchange.
Discussion
TYLCD-associated viruses are a model case of emerging
plant viruses spreading worldwide causing severe damage to
tomato and other crops. A better understanding of the genetic
and biological composition of virus populations and factors
affecting the rate and direction of their evolution will facilitate
development of more effective and durable control strategies.
Following local studies performed in Spain and Italy (Davino et
al., 2006; Sánchez-Campos et al., 2002), this work presents the
first complete population study of TYLCD-associated viruses at
a regional scale. Information is provided here that can help to
understand factors that drive their evolution.
A complex virus population was found associated with
TYLCD epidemics in the western Mediterranean basin, with
presence of three distinct but related TYLCD-associated
begomovirus species including several previously described
strains: the type, Sic and ES strains of TYLCSV, the type and
Mld strains of TYLCV, and TYLCMalV (Accotto et al., 2000;
Monci et al., 2002; Morilla et al., 2005; Navas-Castillo et al.,
1999). This population structure is compatible with multiple
introductions and spread of virus types in the region. The
observed maintenance and spread in the population of
TYLCMalV, a virus type of recent recombinant origin (Monci
et al., 2002), was a confirmation that recombination can have
profound effects driving evolution of this virus population.
Moreover, we demonstrated here de novo creation of virus
genetic differentiation as a result of genetic exchange between
extant viruses. Thus, a novel virus genotype of recombinant
nature was detected in Spain, that seemed to have resulted fromic and type strains of Tomato yellow leaf curl Sardinia virus (TYLCSV), the type
ga virus (TYLCMalV) present in Spain and Italy a
pes
TYLCSV (n=10) TYLCV (n=45) TYLCMalV (n=28)
0.02679 (0.00631) 0.02119 (0.00295) 0.00526 (0.00127)
0,00792 (0.00581) 0.01210 (0.00493) 0.00411 (0.00234)
0,00811 (0.00407) 0.00778 (0.00301) 0.00442 (0.00243)
0,02920 (0.03238) 0.01595 (0.00686) 0.00296 (0.00225)
0.28 0.49 1.49
0.01073 (0.00790) 0.00251 (0.00145) 0.00990 (0.00622)
0.00391 (0.00284) 0.00343 (0.00118) 0.00567 (0.00313)
0.06829 (0.04530) 0.01226 (0.01182) 0.01961 (0.00830)
0.06 0.28 0.29
tergenic region (IR) and 5′-proximal parts of Rep and V2 open reading frames
olecules cloned from samples collected in Italy and Spain during 1999 and 2002
e number of nucleotide substitutions per site between pairs of sequences, was
ide diversities were also computed separately for non-synonymous (dNS) and
e MEGA 3.1 software (Kumar et al., 2004). For this, nucleotides of Rep/C4 and
uences compared is indicated in each case. Standard errors (in parenthesis) were
Table 3
Within- and between-population nucleotide diversity in the non-coding
intergenic region for subpopulations of the type and Sic strains of Tomato
yellow leaf curl Sardinia virus present in Sicily (Italy) by year a
Virus type Year 1999 2002
TYLCSV-Sic 1999 (n=6) 0.00647 (0.00316) 0.00067 (0.00036)
2002 (n=3) 0.00668 (0.00378)
TYLCSV 1999 (n=6) 0.02038 (0.00576) 0.01234 (0.00395)
2002 (n=4) 0.01994 (0.00543)
a We considered a subpopulation as the set of isolates from a given growing
season (1999 and 2002). Nucleotide diversity is defined as the average number
of nucleotide substitutions per site between pairs of sequences and was
estimated according to Kimura's two-parameter method (Kimura, 1980).
Between-population diversity values correspond to net nucleotide substitutions
as given by Nei (1987, p. 276). Standard errors (in parenthesis) were calculated
using the bootstrap method (Nei and Kumar, 2000) with 1000 replicates.
Nucleotide sequences derived from begomovirus genome clones obtained from
infected samples were used. Number (n) of sequences available in each
subpopulation is indicated.
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recombinant strongly recalls a new begomovirus recently
characterized in this country from the wild reservoir Solanum
nigrum (García-Andrés et al., 2006), thus suggesting its spread
into cultivated hosts. Mixed infections of different virus types in
single plants were identified here, rationalizing the occurrence
of recombinants. It is worth noting that recombination might
help evolution of these begomoviruses for rapid adaptation to
the invaded area (García-Arenal and McDonald, 2003; Seal et
al., 2006). Recombinant viruses might possess enhanced fitness,
with unknown consequences for evolution of epidemics and
virus population (Bürger, 1999; Moffat, 1999; Legg and
Fauquet, 2004; Monci et al., 2002; Padidam et al., 1999).
Distribution of virus types in the population was not uniform.
Striking differences were detected for example depending on the
host species. A different population composition was found in
tomato or in common bean in Spain, suggesting that host species
can drive the structuration of the population, as observed in other
pathosystems (Mastari et al., 1998;Moury et al., 2001). The type
strain of TYLCV largely predominated in tomato, whereas
TYLCMalVwas the most frequently found in common bean. As
tomato and common bean crops share growing regions and
overlap in time, population differences should reflect differences
in the host plant fitness of virus types. In fact, previous data also
suggested that TYLCV is well adapted to tomato whereasTable 4
Within- and between-population nucleotide diversities in the non-coding intergenic
growing zone a
Zone Almería (n=14) Murcia (n=15)
Almería 0.01862 (0.00372) 0.00045 (0.00017
Murcia 0.01691 (0.00316
Málaga
Sicily
a We considered a subpopulation as the set of isolates from a given zone (Almería,
as the average number of nucleotide substitutions per site between pairs of sequences a
Between-population diversity values correspond to net nucleotide substitutions as giv
the bootstrap method (Nei and Kumar, 2000) with 1000 replicates. Nucleotide seque
were used. The number (n) of sequences available from each subpopulation is indicTYLCMalV seems better adapted to common bean (Monci et al.,
2002; Sánchez-Campos et al., 1999). However, we have not
attempted to investigate the mechanisms involved in the
differential host adaptation observed. This is an aspect that
needs to be further studied because can shed light on viral
pathogenesis mechanisms and thus provide tools to design new
control strategies (Ohshima et al., 2002; Petty et al., 2000; Rojas
et al., 2005; Sacristán et al., 2005).
There was indication of spatial structuration of the
population. Differences were detected between regions in
Italy and in Spain. Also, differences were observed between
virus subpopulations present in these two countries, that only
shared presence of the type strain of TYLCV (Fig. 1). It is
worth noting that some temporal effect may account for the
differences observed, because samples were not collected
synchronously in all regions. In fact, temporal evolution of the
population was suggested when comparing subpopulations
present in Sicily in 1999 and 2002. In this case, differences
probably associated with the introduction and spread of the
type strain of TYLCV in Italy during that period (Accotto et
al., 2003; Davino et al., 2006). Therefore, different histories of
virus spread may determine spatial and temporal differences.
Also, agro-ecological differences might influence. Thus, for
example in Málaga, continuous cropping, overlapping bego-
movirus-susceptible plants species in open field and green-
houses, would favor the maintenance of the diverse virus types
observed in that region. In contrast, in Almería and Murcia, a
more pronounced disruption of growing cycle occurs during
summer or winter, respectively, which might result in severe
virus population bottlenecks that can accentuate founder effects
in the following epidemics (Seal et al., 2006). Then, local
extinctions and recolonizations from near or distant sources
may determine the simpler genetic structures observed in the
latter cases (Bebee and Rowe, 2004; Fraile et al., 1997;
Novella et al., 1995; Sánchez-Campos et al., 2002). We cannot
discard that differential adaptation to local B. tabaci popula-
tions of the begomoviruses detected could account for some of
the differences observed.
The genetic structuration observed in the population of
TYLCD-associated viruses present in the western Mediterra-
nean basin is important because might condition the evolution
of this population and therefore the success of the control
programs implemented (García-Arenal et al., 2001; Gibbs et al.,region for subpopulations of the type strain of Tomato yellow leaf curl virus by
Málaga (n=11) Sicily (n=5)
) 0.00047 (0.00021) 0.03200 (0.00999)
) 0.00037 (0.00017) 0.03278 (0.01027)
0.01133 (0.00282) 0.03378 (0.01052)
0.00130 (0.00128)
Murcia, and Málaga in Spain, and Sicily in Italy). Nucleotide diversity is defined
nd was estimated according to Kimura's two-parameter method (Kimura, 1980).
en by Nei (1987, p. 276). Standard errors (in parenthesis) were calculated using
nces derived from begomovirus genome clones obtained from infected samples
ated.
Fig. 3. Restriction fragment length polymorphism analyses with the restriction
enzyme BglII on 10 almost full-length genome clones of tomato yellow leaf curl
disease-associated begomoviruses derived from samples IT:T304:99-F3 (A) and
IT:T507:02-F4 (B). Equivalent clones obtained from samples infected with
known isolates of the type and Sic strains of Tomato yellow leaf curl Sardinia
virus (TYLCSV) and of the type strain of Tomato yellow leaf curl virus
(TYLCV) were used as controls. The size of DNA marker bands in lane M are
indicated in kilobases.
308 S. García-Andrés et al. / Virology 359 (2007) 302–3121999; Lecoq et al., 2004). In this sense, it is worth noting that
differences have been observed in the effectiveness of resistance
genes depending on the TYLCD-associated virus that challenge
resistant plants (de Castro et al., 2005).
Analyses of nucleotide sequences revealed a small genetic
diversity within subpopulations of the different TYLCD-
associated virus types analyzed here. Therefore, as suggested
for natural populations of other plant viruses (García-Arenal et
al., 2001), genetic stability also seems to be the rule for these
viruses. Moreover, our data suggested that negative selection to
variation exists in coding regions, similar to that reported for the
begomovirusCotton leaf curl virus (CLCuV) (Sanz et al., 1999).
However, as shown in other plant viruses (Fargette et al., 2004;
Rubio et al., 2001; Sanz et al., 1999; Schirmer et al., 2005;
Tomimura et al., 2004), different restrictions to variation seemed
to operate depending on the protein. Here we studied separately
the Rep and V2 coding regions. The Rep region analyzed
comprises the N-terminal part of the Rep, which is essential for
specific recognitions during viral replication (Gutierrez, 1999;
Hanley-Bowdoin et al., 2000; Heyraud-Nitschke et al., 1995;
Orozco et al., 1997); the V2 region, comprises the 5′-end of V2
ORF, a protein that in TYLCSV plays a role in accumulation of
single-stranded DNA and in successful infection of host plants
(Wartig et al., 1997). Our data showed that except for TYLCV-
Sic, the V2 was under tighter evolutionary constraints (lowerdNS/dS ratios, Table 2), suggesting a more strict need to conserve
features of this protein for virus functions, at least for the genome
regions compared here. It is interesting to mention that data for
the Rep coding region of TYLCMalV might suggest that
positive selection is operating, based on the dNS/dS ratio above
the unit deduced (Table 2). We can speculate that the recent
emergence of this virus through genetic exchange between two
TYLCD-associated virus species (Monci et al., 2002) put
together genome fragments of diverse origin that might have
determined less stable protein–protein or protein–DNA recog-
nitions (Gutiérrez, 1999; Hanley-Bowdoin, 2000; Orozco et al.,
1997). Therefore, evolution of the Rep could be needed for better
fitness. However, the dNS/dS of TYLCMalV is larger than that of
other viruses not because a dNS value particularly higher, but
because dS is very low. Therefore, this is an aspect that needs to
be further studied by examination of more TYLCMalV isolates.
Reports of very different detail are available on sequence
variation in geminiviruses (Fauquet et al., 2005; Gilbertson et
al., 1991; Hughes et al., 1992; Ndunguru et al., 2005; Pita et al.,
2001; Stenger and McMahon, 1997). Genetic diversity studies
within a single virus species are only available for few cases (e.g.
Ooi et al., 1997; Sánchez-Campos et al., 2002; Sanz et al., 1999;
Yahara et al., 1998). It is worth noting that nucleotide diversity
values at synonymous positions of ORFs shown here for the
TYLCD-associated viruses analyzed were much smaller than
those reported for natural populations of the begomoviruses
Tobacco leaf curl virus (Ooi et al., 1997) or CLCuV (Sanz et al.,
1999). Therefore, less diverse natural begomovirus populations
seemed to be present in the western Mediterranean basin. Also,
comparison of subpopulations of the different begomovirus
types suggested that except for the TYLCV-type strain, single,
undifferentiated subpopulations were present. Founder effects
could account for this highly homogeneous subpopulations, as
suggested by Sánchez-Campos et al. (2002), because these
viruses were not indigenous and spread recently into this area.
For the type strain of TYLCV, data suggested that different virus
types have founded the subpopulations of Italy and Spain. It
should be noted that nucleotide sequence comparisons of
isolates of the TYLCV-type strain reported so far suggested
that at least four different phylogenetic types seem to be
spreading worldwide (Fig. 1). Biological and epidemiological
implications of such genetic differentiation are unknown.
However, this is an aspect that merits to be further studied
because TYLCVs seem to be very efficient invading new
geographical areas (Davino et al., 2006; Polston et al., 1999).
Materials and methods
Field surveys
Fresh market tomato and common bean crops were surveyed
for TYLCD-associated viruses. Surveys were conducted
between 1999 and 2003 in affected regions of Italy and Spain.
In Italy, tomato samples were collected in Sicily (1999, 2001
and 2002) and Sardinia (2003), the two major islands. In Spain,
collections were made during 2003, in Málaga (southern Spain),
Almería and Murcia (southeastern Spain) for tomato, and in
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from plants by systematic sampling following a W-shaped
itinerary (Lin et al., 1979), regardless the presence of TYLCD
symptoms. Surveys were conducted during summer/autumn in
affected commercial crops of the major growing areas. Each
sample consisted of one terminal leaf per plant.
Sample analyses and isolate characterization
Freshly cross-sectioned petioles were squash-blotted on
positively charged nylon membranes (Roche Diagnostics,
Mannheim, Germany). Tissue blots were analyzed by hybridi-
zation using digoxigenin (DIG)-labeled DNA probes able to
detect all the TYLCD-associated viruses reported in the western
Mediterranean basin (Accotto et al., 2000; Monci et al., 2002;
Navas-Castillo et al., 1999). When needed, blots were also
tested for specific detection of the type strain of TYLCV. For
this, a polymerase chain reaction (PCR)-DNA probe was
obtained using a DIG-labeling and detection Kit (Roche
Diagnostics), based on TYLCV-[ES:Alm] (GenBank accession
number AJ489258), with primers that amplify the 5′-half of the
intergenic region (IR) (Navas-Castillo et al., 2000): MA250 (5′-
GGTGTCCCTCAAAGCTCTATGGCAATCG-3′, correspond-
ing to nt 2627 to 2654) and MA163 (5′-TTTGAATTTTGAAT-
TTTGAATTGC-3′, complementary to nt 2753 to 2730). Total
DNA was extracted from infected samples as described by
Thompson et al. (2003). Fragments encompassing almost the
full-length genome of the TYLCD-associated viruses present in
infected samples were PCR-amplified from the extracted DNA.
In order to minimize primer-oriented selection of sequence
variants, amplification was performedwith a primer pair designed
on nucleotide sequences conserved among all the TYLCD-
associated viruses reported from the western Mediterranean
basin: MA241 (5′-GAATGGGCTTCCCATACTTTGTG-
TTGC–3′), corresponding to nt 1739 to 1765 of TYLCSV-ES
[ES:1:92] (GenBank Z25751), and MA242 (5′-CACTATCT-
TCCTCTGCAATCCAGG-3′), complementary to nt 1719 to
1696 of this same virus. PCR was performed using the PCR
Expand High Fidelity kit (Roche Diagnostics) in a GeneAmp
PCR System 9700 (Perkin-Elmer, Foster City, CA, USA) by first
heating at 94 °C for 2 min, followed by 30 cycles at 94 °C for
15 s, 50 °C for 30 s, and 72 °C for 2 min, adding 5 s of elongation
at each cycle in the last 20 cycles, and then one cycle of
elongation at 72 °C for 7 min. Amplified fragments were
separated by electrophoresis in 0.8% agarose gels, excised from
the gel and purified using the Ultrafree-DNA Kit (Millipore
Corporation, Bedford, MA). The purified DNAs were cloned
using the pGEM-T Easy System II Kit (Promega Corporation,
Madison, USA), and plasmids were maintained in Escherichia
coli DH5α. A fragment representing about one fifth of the viral
genome was obtained from infected samples collected in
Sardinia during 2003 by PCR amplification. In this case, a
combination of three primers able to amplify any TYLCD-
associated virus from the westernMediterranean basin was used:
MA272 (5′-CTGAATGTTYGGATGGAAATGTGC-3′, corre-
sponding to nt 2342–2365 on GenBank X61153), MA273 (5′-
GGTTCGTAGGTTTCTTCAACTAG-3′, complementary to nt225–247 on X61153), and MA274 (5′-GCTCGTAAGTTTCC-
TCAACGGAC-3′, complementary to nt 232–254 on GenBank
X15656). PCR conditions were as described by Monci et al.
(2002). Based on the almost full-length genome clones, a
sequence of about 780 nt (approximately 30% of the genome)
was derived from one randomly selected clone per sample
using primer MA272, encompassing the 5′-proximal part of the
Rep ORF (about 240 nt, including 88 nt overlapping with the
5′-end of the C4 ORF), the entire IR (about 310 nt) and the
5′-proximal part of the V2 ORF (about 230 nt, including 72 nt
overlapping with the 5′-end of the CP ORF). By direct
sequencing the partial genome PCR products obtained for
samples from Sardinia with primers MA272 and MA273, a
sequence of about 590 nt (approximately 20% of the genome)
was derived, encompassing the same region as indicated above
except for the V2 ORF. Sequences were obtained using an
automatic sequencer (ABI Prism 3700 DNA analyser, Applied
Biosystems).
Nucleotide sequences deduced for TYLCD-associated
viruses present in the analyzed samples are referred here to as
‘isolates’. According to recommendations made by Fauquet and
Stanley (2005) for isolate descriptors, isolates are identified here
using a code that refers to country (ES, Spain; IT, Italy), host
species origin (T, tomato; B, common bean), sample number:
year, and field from which the sample was obtained (Fi, field i)
(e.g. IT:T535:02-F2, means an isolate derived from sample 535
collected in Italy during 2002 from a tomato plant of Field 2).
For hybridization or PCR, positive controls were obtained from
tomato plants infected with known TYLCD-associated viruses,
and negative controls, from healthy tomato and common bean
plants.
Analysis of sequence data
Multiple nucleotide sequence alignments were done using
CLUSTAL X (Thompson et al., 1997), with default parameters.
The alignments were used to calculate pairwise genetic distances
(see below). Phylogenetic analyses were done by the neighbor-
joining (Saitou and Nei, 1987) and parsimony (Fitch, 1977)
methods implemented with MEGA 3.1 software (Kumar et al.,
2004). Robustness of inferred evolutionary relationships were
assessed by 1000 bootstrap replicates and by comparing the trees
obtained by neighbor-joining or parsimony methods.
Two main approaches were used to estimate genetic
differentiation in the virus population. One involved analysis
of the genetic structure using the frequencies of the different
virus types. In this case, population differentiation was measured
using the FST estimator, a fixation index describing genetic
variation among subpopulations within a population (Nei and
Kumar, 2000; Wright, 1965), calculated with Arlequin version
2.0 (Schneider et al., 2000). The second approach analyzed
genetic diversity in the subpopulations of each virus type. For
this, the nucleotide sequences of about 780 nt derived from the
almost full-length genome clones (see above) were used.
Multiple nucleotide sequence alignments were used to estimate
genetic distance (d) between any two isolates by the Kimura's
two-parameter method (Kimura, 1980). Also, in coding regions
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synonymous substitution (dNS) were estimated separately as
described by Pamilo and Bianchi (1993) and by Li (1993) (PBL
method). In the latter case, Rep/C4 and V2/CP overlapping
regions were discarded because multiple evolutionary con-
straints could exist in those regions (Sanz et al., 1999). Confi-
dence estimates for d, dS, and dNS values were calculated using a
bootstrap method (Nei and Kumar, 2000) with 1000 replicates.
Contribution of selection to sequence variation was assessed by
the ratio dNS /dS (Yang and Bielawski, 2000): a ratio of less than
1 indicates that selection against amino acid changes is
uppermost, while a ratio greater than 1 evidences positive se-
lection. Within-population and between-population nucleotide
diversities were estimated from genetic distances as described by
Nei (1987). Analyses were performed using the MEGA 3.1
software (Kumar et al., 2004). Equality of the nucleotide
diversities was tested using the t-test (Sokal and Rolf, 1981).
Aligned sequences were checked for incongruent relation-
ships, which might have resulted from recombination, using the
Recombination Detection Program (RDP) version 2.0 (Martin
et al., 2005). This program identifies possible recombinant and
parental sequences (lineages likely to have contributed to the
recombinant), estimates breakpoint positions and calculates
probability scores using six different automated methods; a
multiple comparison corrected P-value cutoff of 0.05 and
default settings were used throughout and only events
detectable with two or more different methods were retained.
Nucleotide sequence accession numbers
The nucleotide sequences determined in this work can be
found in the GenBank/EMBL/DDBJ/ databases under acces-
sion numbers DQ317696 to DQ317806.
Acknowledgments
This study was supported by Ministerio de Educación y
Ciencia, Spain and European Union (grants AGL2001-1857-
C04-02 and AGL2005-03101/AGR). S. García-Andrés com-
pleted this research as part of her PhD Degree and was recipient
of a fellowship from the Ministerio de Educación y Ciencia. We
are grateful to R.G. Milne for helpful discussion and critical
reading of the manuscript, to R. Fernández-Muñoz for his help
with statistical analyses, to M. Davino, S. Davino, M. Nannini,
C. Rapisarda, E. Sáez-Alonso andA. Lacasa for their help during
samplings, and to M. V. Martín and A. Núñez for technical
assistance.
References
Accotto, G.P., Navas-Castillo, J., Noris, E., Moriones, E., Louro, D., 2000.
Typing of tomato yellow leaf curl viruses in Europe. Eur. J. Plant Pathol.
106, 179–186.
Accotto, G.P., Bragaloni, M., Luison, D., Davino, S., Davino, M., 2003. First
report of Tomato yellow leaf curl virus (TYLCV) in Italy. Plant Pathol. 52,
799.
Bebee, T., Rowe, G., 2004. An Introduction to Molecular Ecology. Oxford Univ.
Press, Oxford.Bürger, R., 1999. Evolution of genetic variability and the advantage of sex and
recombination in changing environments. Genetics 153, 1055–1069.
Crespi, S., Noris, E., Vaira, A.M., Accotto, G.P., 1995. Molecular characteriza-
tion of cloned DNA from a tomato yellow leaf curl virus isolate from Sicily.
Phytopathol. Mediterr. 34, 93–99.
Davino, S., Napoli, C., Davino, M., Accotto, G.P., 2006. Spread of Tomato
yellow leaf curl virus in Sicily: partial displacement of another geminivirus
originally present. Eur. J. Plant Pathol. 114, 293–299.
de Castro, A.P., Díez, M.J., Nuez, F., 2005. Evaluation of breeding tomato lines
partially resistant to Tomato yellow leaf curl Sardinia virus and Tomato
yellow leaf curl virus derived from Lycopersicon chilense. Can. J. Plant
Pathol. 27, 268–275.
Elena, S.F., Sanjuan, R., 2005. Adaptive value of high mutation rates of RNA
viruses: separating causes from consequences. J. Virol. 79, 11555–11558.
Fargette, D., Pinel, A., Abubakar, Z., Traore, O., Brugidou, C., Fatogoma, S.,
Hebrard, E., Choisy, M., Sere, Y., Fauquet, C., Konate, G., 2004.
Inferring the evolutionary history of Rice yellow mottle virus from
genomic, phylogenetic, and phylogeographic studies. J. Virol. 78,
3252–3261.
Fauquet, C.M., Stanley, J., 2005. Revising the way we conceive and name
viruses below the species level: a review of geminivirus taxonomy calls for
new standardized isolate descriptors. Arch. Virol. 150, 2151–2179.
Fauquet, C.M., Bisaro, D.M., Briddon, R.W., Brown, J.K., Harrison, B.D.,
Rybicki, E.P., Stenger, D.C., Stanley, J., 2003. Revision of taxonomic
criteria for species demarcation in the family Geminiviridae, and an updated
list of begomovirus species. Arch. Virol. 148, 405–421.
Fauquet, C.M., Sawyer, S., Idris, A.M., Brown, J.K., 2005. Sequence analysis
and classification of apparent recombinant begomoviruses infecting tomato
in the Nile and Mediterranean basins. Phytopathology 95, 549–555.
Fitch, W.M., 1977. Problem of discovering most parsimonious tree. Am. Nat.
111, 223–257.
Fraile, A., Alonso-Prados, J.L., Aranda, M.A., Bernal, J.J., Malpica, J.M.,
García-Arenal, F., 1997. Genetic exchange by recombination or reassortment
is infrequent in natural populations of a tripartite RNA plant virus. J. Virol.
71, 934–940.
García-Andrés, S., Monci, F., Navas-Castillo, J., Moriones, E., 2006.
Begomovirus genetic diversity in the native plant reservoir Solanum
nigrum: evidence for the presence of a new virus species of recombinant
nature. Virology 350, 433–442.
García-Arenal, F., McDonald, B.A., 2003. An analysis of the durability of
resistance to plant viruses. Phytopathology 93, 941–952.
García-Arenal, F., Fraile, A., Malpica, J.M., 2001. Variability and genetic
structure of plant virus populations. Annu. Rev. Phytopathol. 39, 157–186.
Gibbs,A.J., Keese, P.L., Gibbs,M.J., García-Arenal, F., 1999. Plant virus evolution:
past, present and future. In:Domingo, E.,Webster, R., Holland, J. (Eds.), Origin
and Evolution of Viruses. Academic Press, New York, pp. 263–285.
Gilbertson, R.L., Rojas, M.R., Russel, D., R. Maxwell, D.P., 1991. Use of the
asymmetric polymerase chain-reaction and DNA sequencing to determine
genetic-variability of Bean golden mosaic geminivirus in the Dominican
Republic. J. Gen. Virol. 7, 2843–2848.
Gutierrez, C., 1999. Geminivirus DNA replication. Cell. Mol. Life Sci. 56,
313–329.
Hanley-Bowdoin, L., Settlage, S.B., Orozco, B.M., Nagar, S., Robertson, D.,
2000. Geminiviruses: Models for plant DNA replication, transcription, and
cell cycle regulation. Crit. Rev. Biochem. Mol. Biol. 35, 105–140.
Heyraud-Nitschke, F., Schumacher, S., Laufs, J., Schaefer, S., Schell, J.,
Gronenborn, B., 1995. Determination of the origin cleavage and joining
domain of geminivirus Rep proteins. Nucleic Acids Res. 23, 910–916.
Hughes, F.L., Rybicki, E.P., von Wechmar, M.B., 1992. Genome typing of
southern African subgroup I geminiviruses. J. Gen. Virol. 73, 1031–1040.
Kheyr-Pour, A., Bendahmane, M., Matzeit, V., Accotto, G.P., Crespi, S.,
Gronenborn, B., 1991. Tomato yellow leaf curl virus from Sardinia is a
whitefly-transmitted monopartite geminivirus. Nucleic Acids Res. 19,
6763–6769.
Kimura, M., 1980. A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide-sequences. J. Mol.
Evol. 16, 111–120.
Kumar, S., Tamura, K., Nei, M., 2004. MEGA3: Integrated software for
311S. García-Andrés et al. / Virology 359 (2007) 302–312molecular evolutionary genetics analysis and sequence alignment. Brief.
Bioinform. 5, 150–163.
Lecoq, H., Moury, B., Desbiez, C., Palloix, A., Pitrat, M., 2004. Durable virus
resistance in plants through conventional approaches: a challenge. Virus
Res. 100, 31–39.
Legg, J.P., Fauquet, C.M., 2004. Cassava mosaic geminiviruses in Africa. Plant
Mol. Biol. 56, 585–599.
Li, W.H., 1993. Unbiased estimation of the rates of synonymous and non-
synonymous substitution. J. Mol. Evol. 36, 96–99.
Lin, C.S., Poushinsky, G., Mauer, M., 1979. An examination of five sampling
methods under random and clustered distribution using simulation. Can. J.
Plant Sci. 59, 121–130.
Martin, D.P., Williamson, C., Posada, D., 2005. RDP2: recombination detection
and analysis from sequence alignments. Bioinformatics 21, 260–262.
Mastari, J., Lapierre, H., Dessens, J.T., 1998. Asymmetrical distribution of barley
yellow dwarf virus PAV variants between host plant species. Phytopathology
88, 818–821.
Moffat, A.S., 1999. Plant pathology—Geminiviruses emerge as serious crop
threat. Science 286, 1835.
Monci, F., Sánchez-Campos, S., Navas-Castillo, J.,Moriones, E., 2002. A natural
recombinant between the geminiviruses Tomato yellow leaf curl Sardinia
virus and Tomato yellow leaf curl virus exhibits a novel pathogenic
phenotype and is becoming prevalent in Spanish populations. Virology 303,
317–326.
Morilla, G., Antúnez, C., Bejarano, E.R., Janssen, D., Cuadrado, I.M., 2003. A
new Tomato yellow leaf curl virus strain in southern Spain. Plant Dis. 87,
1004.
Morilla, G., Janssen, D., García-Andrés, S., Moriones, E., Cuadrado, I.M.,
Bejarano, E.R., 2005. Pepper (Capsicum annuum), is a dead-end host for
Tomato yellow leaf curl virus (TYLCV). Phytopathology 95, 1089–1097.
Moriones, E., Navas-Castillo, J., 2000. Tomato yellow leaf curl virus, an
emerging virus complex causing epidemics worldwide. Virus Res. 71,
123–134.
Moury, B., Cardin, L., Onesto, J.P., Candresse, T., Poupet, A., 2001. Survey of
Prunus necrotic ringspot virus in rose and its variability in rose and Prunus
spp. Phytopathology 91, 84–91.
Moya, A., Holmes, E.C., Gonzalez-Candelas, F., 2004. The population genetic
and evolutionary epidemiology of RNA viruses. Nat. Rev. Microbiol. 2,
279–288.
Navas-Castillo, J., Sánchez-Campos, S., Díaz, J.A., Sáez-Alonso, E., Moriones,
E., 1999. Tomato yellow leaf curl virus—Is causes a novel disease of
common bean and severe epidemics in tomato in Spain. Plant Dis. 83, 29–32.
Navas-Castillo, J., Sánchez-Campos, S., Noris, E., Louro, D., Accotto, G.P.,
Moriones, E., 2000. Natural recombination between Tomato yellow leaf curl
virus—Is and Tomato leaf curl virus. J. Gen. Virol. 81, 2797–2801.
Navot, N., Pichersky, E., Zeidan, M., Zamir, D., Czosnek, H., 1991. Tomato
yellow leaf curl virus: a whitefly-transmitted geminivirus with a single
genomic component. Virology 185, 151–161.
Ndunguru, J., Legg, J.P., Aveling, T.A.S., Thompson, G., Fauquet, C.M., 2005.
Molecular biodiversity of cassava begomoviruses in Tanzania: evolution of
cassava geminiviruses in Africa and evidence for East Africa being a center
of diversity of cassava geminiviruses. Virol. J. 2, 21.
Nei, M., 1987. Molecular Evolutionary Genetics. Columbia Univ. Press,
New York.
Nei, M., Kumar, S., 2000. Molecular Evolution and Phylogenetic. Oxford Univ.
Press, Oxford.
Noris, E., Hidalgo, E., Accotto, G.P., Moriones, E., 1994. High similarity among
the tomato yellow leaf curl virus isolates from the West Mediterranean
Basin: the nucleotide sequence of an infectious clone from Spain. Arch.
Virol. 135, 165–170.
Novella, I.S., Elena, S.F., Moya, A., Domingo, E., Holland, J.J., 1995. Size of
genetic bottlenecks leading to virus fitness loss is determined by mean initial
population fitness. J. Virol. 69, 2869–2872.
Ohshima, K., Yamaguchi, Y., Hirota, R., Hamamoto, T., Tomimura, K., Tan,
Z.Y., Sano, T., Azuhata, F., Walsh, J.A., Fletcher, J., Chen, J.S., Gera, A.,
Gibbs, A.J., 2002. Molecular evolution of Turnip mosaic virus: evidence
of host adaptation, genetic recombination and geographical spread. J. Gen.
Virol. 83, 1511–1521.Ooi, K., Yahara, T., 1999. Genetic variation of geminiviruses: comparison
between sexual and asexual host plant populations. Mol. Ecol. 8,
89–97.
Ooi, K., Ohshita, S., Ishii, I., Yahara, T., 1997. Molecular phylogeny of
geminivirus infecting wild plants in Japan. J. Plant Res. 110, 247–257.
Orozco, B.M., Miller, A.B., Settlage, S.B., Hanley-Bowdoin, L., 1997.
Functional domains of a geminivirus replication protein. J. Biol. Chem.
272, 9840–9846.
Padidam, M., Sawyer, S., Fauquet, C.M., 1999. Possible emergence of new
geminiviruses by frequent recombination. Virology 265, 218–225.
Pamilo, P., Bianchi, N.O., 1993. Evolution of the ZFX and ZFY genes–rates and
interdependence between the genes. Mol. Biol. Evol. 10, 271–281.
Petty, I.T.D., Carter, S.C., Morra, M.R., Jeffrey, J.L., Olivey, H.E., 2000.
Bipartite geminivirus host adaptation determined cooperatively by coding
and noncoding sequences of the genome. Virology 277, 429–438.
Pita, J.S., Fondong, V.N., Sangare, A., Otim-Nape, G.W., Ogwal, S., Fauquet,
C.M., 2001. Recombination, pseudorecombination and synergism of
geminiviruses are determinant keys to the epidemic of severe cassava
mosaic disease in Uganda. J. Gen. Virol. 82, 655–665.
Polston, J.E., McGovern, R.J., Brown, L.G., 1999. Introduction of tomato
yellow leaf curl virus in Florida and implications for the spread of this and
other geminiviruses of tomato. Plant Dis. 83, 984–988.
Rojas, M.R., Hagen, C., Lucas, W.J., Gilbertson, R.L., 2005. Exploting chinks
in the plant's armor: evolution and emergence of geminiviruses. Annu. Rev.
Phytopathol. 43, 361–394.
Roossinck, M.J., 1997. Mechanisms of plant virus evolution. Annu. Rev.
Phytopathol. 35, 191–209.
Rubio, L., Ayllón, M.A., Kong, P., Fernández, A., Polek, M., Guerri, J.,
Moreno, P., Falk, B.W., 2001. Genetic variation of Citrus tristeza virus
isolates from California and Spain: evidence for mixed infections and
recombination. J. Virol. 75, 8054–8062.
Sacristán, S., Fraile, A., Malpica, J.M., García-Arenal, F., 2005. An analysis of
host adaptation and its relationship with virulence in Cucumber mosaic
virus. Phytopathology 95, 827–833.
Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425.
Sánchez-Campos, S., Navas-Castillo, J., Camero, R., Soria, C., Díaz, J.A.,
Moriones, E., 1999. Displacement of Tomato yellow leaf curl virus
(TYLCV)-Sr by TYLCV-Is in tomato epidemics in Spain. Phytopathology
89, 1038–1043.
Sánchez-Campos, S., Díaz, J.A., Monci, F., Bejarano, E.R., Reina, J., Navas-
Castillo, J., Aranda, M.A., Moriones, E., 2002. High genetic stability of the
begomovirus Tomato yellow leaf curl Sardinia virus in southern Spain over
an 8-year period. Phytopathology 92, 842–849.
Sanz, A.I., Fraile, A., Gallego, J.M., Malpica, J.M., García-Arenal, F., 1999.
Genetic variability of natural populations of cotton leaf curl geminivirus, a
single-stranded DNA virus. J. Mol. Evol. 49, 672–681.
Schirmer, A., Link, D., Cognat, V., Moury, B., Beuve, M., Meunier, A., Bragard,
C., Gilmer, D., Lemaire, O., 2005. Phylogenetic analysis of isolates of Beet
necrotic yellow vein virus collected worldwide. J. Gen. Virol. 86,
2897–2911.
Schneider, S., Rossli, D., Excoffier, L., 2000. Arlequin: A software for
population genetics data analysis. Version 2.0. Genetics and Biometry
Laboratory, Department of Anthropology and Ecology, University of
Geneva, Geneva. Switzerland. Available at http://lgb.unige.ch/arlequin/.
Seal, S.E., vandenBosch, F., Jeger, M.J., 2006. Factors influencing begomovirus
evolution and their increasing global significance: implications for
sustainable control. Crit. Rev. Plant Sci. 25, 23–46.
Sokal, R.R., Rolf, F.J., 1981. Biometry, 2nd edn. Freeman, New York.
Stanley, J., 1995. Analysis of African cassava mosaic-virus recombinants
suggests strand nicking occurs within the conserved nonanucleotide motif
during the initiation of rolling circle DNA-replication. Virology 206,
707–712.
Stanley, J., Bisaro, D.M., Briddon, R.W., Brown, J.K., Fauquet, C.M., Harrison,
B.D., Rybicki, E.P., Stenger, D.C., 2005. Geminiviridae. In: Fauquet, C.M.,
Mayo, M.A., Maniloff, J., Desselberger, U., Ball, L.A. (Eds.), Virus
Taxonomy, VIIIth Report of the ICTV. Elsevier/Academic Press, London,
pp. 301–326.
312 S. García-Andrés et al. / Virology 359 (2007) 302–312Stenger, D.C., McMahon, C.L., 1997. Genotypic diversity of beet curly top virus
populations in the western United States. Phytopathology 87, 737–744.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G.,
1997. The CLUSTAL X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25,
4876–4882.
Thompson, J.R., Wetzel, S., Klerks, M.M., Vaskova, D., Schoen, C.D., Spak, J.,
Jelkmann, W., 2003. Multiplex RT-PCR detection of four aphid-borne
strawberry viruses in Fragaria spp. in combination with a plant mRNA
specific internal control. J. Virol. Methods 111, 85–93.
Tomimura, K., Spak, J., Katis, N., Jenner, C.E., Walsh, J.A., Gibbs, A.J.,
Ohshima, K., 2004. Comparisons of the genetic structure of populations of
Turnip mosaic virus in West and East Eurasia. Virology 330, 408–423.Varma, A., Malathi, V.G., 2003. Emerging geminivirus problems: a serious
threat to crop production. Ann. Appl. Biol. 142, 145–164.
Wartig, L., Kheyr-Pour, A., Noris, E., Dekouchkovsky, F., Jouanneau, F.,
Gronenborn, B., Jupin, I., 1997. Genetic analysis of the monopartite tomato
yellow leaf curl geminivirus: roles of V1, V2, and C2 ORFs in viral
pathogenesis. Virology 228, 132–140.
Wright, S., 1965. The interpretation of population structure by F-statistics with
special regards to systems of mating. Evolution 19, 395–420.
Yahara, T., Ooi, K., Oshita, S., Ishii, I., Ikegami, M., 1998. Molecular evolution
of a host-range gene in geminiviruses infecting asexual populations of
Eupatorium makinoi. Genes Genet. Syst. 73, 137–141.
Yang, Z.H., Bielawski, J.P., 2000. Statistical methods for detecting molecular
adaptation. Trends Ecol. Evol. 15, 496–503.
